F undamental understanding of deposition, diffusion, self-assembly, and reaction of molecules on surfaces is of utmost importance for a large number of daily life applications including catalysis 1 and fabrication of functional surface coatings such as for organic solar cells as well as for smart responsive films. 2, 3 Consequently, adsorption, diffusion, and structure formation of organic molecules have been studied for decades, mainly focusing on metallic substrates. 4, 5 Very recently, on-surface reactions (see ref 6 and references therein) as well as chemical transformations including deprotonation 7À9 have been addressed, revealing important insights into fundamental reaction steps. For many applications, however, it becomes increasingly interesting to extend the knowledge gained on metallic surfaces to bulk insulator substrates, as many applications, e.g., catalysis and organic optoelectronics, require nonmetallic and electronically insulating support materials. Interestingly, fundamental processes such as molecular structure formation can be very different on bulk insulator compared to metal surfaces. 10À12 For example, the typically weak moleculeÀsurface interaction in the case of an insulating substrate favors molecular dewetting, 13 Here we benefit from both the highresolution imaging capability of NC-AFM and the possibility to detect changes in the local charge distribution by KPFM for the direct visualization of the deprotonation step of 2,5-dihydroxybenzoic acid (DHBA) on a bulk insulating substrate, namely, calcite (see Figure 1) . Upon deposition onto the natural (101; 4) cleavage plane held at room temperature, two molecular structures are observed to coexist. One of these structures closely resembles the molecular bulk structure, which is stabilized by intermolecular hydrogen bonds, thus, giving clear evidence for the fact that the molecules are still in the protonated state. Interestingly, this structure is observed to transform with time into the second structure, which is characterized by a dense packing of upright standing molecules. This configuration can be explained by deprotonated molecules anchoring toward the surface calcium cations. Thus, we are able to directly follow the deprotonation step of a carboxylic acid moiety on an insulating surface in situ, which is of great importance for elucidating molecularscale details of molecular reactivity on surfaces within fields such as on-surface synthesis 6 and catalysis. 22 
RESULTS AND DISCUSSION
Upon submonolayer deposition of DHBA onto a calcite (101; 4) substrate held at room temperature, initially two distinctly different molecular phases coexist on the surface, as shown in Figure 2a . In this image, the majority of the surface is covered by a striped phase, which is characterized by islands formed from molecular double rows running along the [4;2;61] substrate direction. The outer shape of these islands exhibits a large number of kink sites. Moreover, several defects formed by missing molecules are evident within the striped phase. This striped layer constitutes a transient phase that transforms with time into a coexisting second phase. In the upper part of Figure 2a , an island of this second phase is seen, formed by densely packed molecules. The outline of this dense phase is less fragmented than the outline of the striped phase; however, kinks and vacancy islands are revealed for the dense phase as well. A closer view of both the striped and the dense phase is given in Figure 2b . In the lower part of this image, an island of the striped phase is shown, clearly revealing the molecular double-row structure and a single-molecule defect (circle). The upper part of Figure 2b is covered by an island of the dense phase, unraveling a rectangular internal structure that is characterized by a dense packing of molecules.
To elucidate the molecular arrangement within both phases, we analyze high-resolution NC-AFM images of Figure 2c , the striped phase is presented, revealing an internal structure within the bright molecular rows as well as in between these rows. The different brightness indicates this structure being formed by molecules adopting different adsorption geometries. Our data suggest that the area in between the bright rows is covered by flat-lying molecules, while the bright molecular rows are formed by molecules with the molecular plane not parallel to the surface, resulting in an apparent height of approximately 0.4 nm. This motif closely resembles the molecular arrangement of the bulk structure in the ordered form 23 as superimposed in Figure 2e . In the ordered bulk structure, the molecules pair to dimers by hydrogen bond formation between the carboxylic groups. These dimers arrange in rows having alternating dimer orientations. The interdimer interaction is governed by hydrogen bond formation and by πÀπ interaction of adjacent molecules. The different dimer orientation is reflected in our images by the alternate appearance of flat-laying molecules and molecules being oriented with their main axis parallel to the surface but having the molecular plane oriented upright, as illustrated in Figure 2e . The striped phase constitutes a (6 Â 1) superstructure, having unit cell dimensions of 2.99 and 0.81 nm along the [011;0] and [4;2;61] direction, respectively. Compared to the bulk structure, this superstructure corresponds to an extension of 13 and 8% along these two directions, indicating the subtle influence of the substrate on the resulting bulk-like structure. The fact that the striped phase constitutes a bulk-like structure provides experimental evidence for the conclusion that the molecules are still protonated within the striped phase, as the above-mentioned dimerization requires the carboxylic groups to be protonated. Interestingly, with time the striped phase transforms into the dense phase, which remains as the only structure present after waiting for several hours to days. 24 A high-resolution image of this phase is given in Figure 2d , exhibiting a densely packed structure having a rectangular unit cell with dimensions of 0.5 nm Â 4.1 nm, corresponding to a (1 Â 5) superstructure. The comparatively small lateral size of the individual features suggests this structure to be formed by molecules having their main axis oriented upright with respect to the surface normal as given in the model in Figure 2f . In this configuration, intermolecular hydrogen bonding is no longer possible, providing a first indication for the deprotonation of the molecules. Moreover, the upright position can be readily explained by electrostatic interaction of deprotonated molecules with the surface calcium cations as detailed in the following. 20 Resolving this charge distribution is rather difficult with KPFM because of the reduced lateral resolution of KPFM compared to NC-AFM. 18 However, in some cases we succeeded in resolving an internal structure within the striped phase as discussed below.
ARTICLE
An NC-AFM topography image and the corresponding KPFM image are shown in Figure 3a ,b. The KPFM voltage of the bare calcite substrate is set to zero. The voltage required to compensate the local contact potential difference relative to the bare substrate is given in Figure 3b with darker regions corresponding to negative voltages. Note that all data presented herein show the voltage applied to the tip. Compared to the bare surface, the Kelvin signal of the striped phase is shifted toward negative voltages. This is evident from the height and voltage profiles given in Figure 3c and quantified in the voltage histogram shown in Figure 3d . According to this histogram, the voltage measured above the striped phase is approximately À0.75 V. This shift might be explained by a slight electron transfer from the surface to the DHBA molecules, which would result in a slight negative charge of the molecules. To compensate the resulting electrostatic forces, a more negative voltage has to be applied to the tip.
Moreover, due to the intramolecular charge distribution, an internal structure within the striped phase might be resolved when imaging with a very sharp conductive tip. Indeed, in rare cases, the KPFM signal revealed an internal structure within the striped phase as shown in Figure 4 . As can be seen from the comparison of the topography (Figure 4a ) and KPFM (Figure 4b ) images and the corresponding line scans (Figure 4c ), a protruding feature in the height profile is associated with a negative shift of the KPFM signal.
Additionally, a further small dip in the KPFM signal is seen in the minimum of the height profile. These characteristics can be explained by considering the molecular packing within the bulk-like phase, as illustrated in Figure 4c . Both, in the lying-down and standing-upright phase, the negative parts of the molecules are facing each other, leading to an accumulation of negative charges in the center of the structures. This is indeed reflected in the KPFM line profile in Figure 4c . The different magnitude of the negative shift can be understood by considering the different packing density within the standing-upright and lying-down parts. As the molecular packing is twice as large in the standing-upright part compared to the lying-down part, we expect a more pronounced signal in the protruding part in excellent agreement with the experimental observation.
Relative to the striped phase, the Kelvin signal of the dense phase is further shifted toward more negative values. As can be seen from the voltage histogram in Figure 3d , the voltage applied to the tip amounts to approximately À1.75 V above the dense phase. This further shift can be readily assigned to the change in charge upon molecule deprotonation. After deprotonation, the molecules are negatively charged. To 28 .
compensate for the electrostatic force acting between the molecules and the tip originating from this negative charge, a negative voltage has to be applied to the tip. This is directly expressed in the further shift toward more negative voltages above the dense phase compared to the striped phase. As the deprotonation of DHBA on calcite constitutes an acidÀbase reaction, we expect the proton to be linked to a surface carbonate group, forming hydrogencarbonate. Thus, in the deprotonated case, a dipole moment pointing toward the surface is formed by the negatively charged molecule and the surface. Because entire instead of partial charges are present in the deprotonated case, a more pronounce signal is evident for the deprotonated compared to the protonated islands. Thus, the KPFM results directly confirm the above made assignment of the striped and dense phase being formed from the protonated and deprotonated species, respectively.
CONCLUSION
In conclusion, we present direct evidence for molecule deprotonation on an insulating surface by NC-AFM images and KPFM measurements. Our high-resolution NC-AFM images elucidate the transient striped phase of DHBA on calcite (101; 4) being a bulk-like (6 Â 1) phase, which transforms with time into a dense (1 Â 5) superstructure that is formed by uprightstanding molecules. This latter phase can be readily explained by a deprotonation step, as negatively charged molecules anchor with the carboxylate group toward a surface calcium cation. The deprotonation step is directly visualized using KPFM, providing clear-cut confirmation of the above-made assignment.
METHODS
Calcite Preparation. Optical quality calcite samples from Korth Kristalle GmbH (Kiel, Germany) are cleaved in situ, resulting in flat (101;4) cleavage planes. 31 Right after cleavage, the crystals are heated to 480 K for about 1 h to remove surface charges.
Molecule Deposition. The molecules (>99.0% purity) are purchased from Aldrich (Munich, Germany) and thoroughly outgassed at 315 K for 50 h prior to use. The molecules are sublimated in situ onto the freshly prepared calcite surface held at room temperature using a home-built Knudsen cell. The images shown here are achieved after sublimation for 10 min with a cell temperature of 339 K, corresponding to a flux of approximately 0.08 monolayers per minute.
NC-AFM Imaging. All experiments are carried out at room temperature under UHV conditions (base pressure e1 Â 10 À10 mbar) using a VT AFM 25 atomic force microscope (Omicron, Taunusstein, Germany) operated in the frequency modulation noncontact mode (NC-AFM). The system is equipped with an easyPLL Plus controller and phase-locked loop detector (Nanosurf, Liestal, Switzerland) for oscillation excitation and signal demodulation. FM-KPFM measurements are performed by applying an AC voltage to the tip (frequency 1 kHz, amplitude 2.3 V) and compensating the resulting electrostatic force with an offset DC voltage applied to the tip (Kelvin signal) using a digital lock-in amplifier with built-in feedback loop (HF2 from Zurich Instruments, Zurich, Switzerland). We use n-doped silicon cantilevers (NanoWorld, Neuchâtel, Switzerland) with resonance frequencies of around 300 kHz (type PPP-NCH) excited to oscillation amplitudes of about 10 nm. Prior to their use, the cantilevers were Arþ sputtered at 2 keV for 5 min to remove contaminants. Drift-corrected images presented here are carefully processed following a routine published elsewhere. 32 Image type as well as fast and slow scan directions are given in the upper right corner in each image.
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